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Abstract

Groundwater nitrate contamination is an emerging threat in stressed regions under intensive farming
although, lately, efforts to valorize such residues are highly encouraged. Here, electrochemical nitrate
removal has been investigated as a versatile strategy for this purpose, using a reactor equipped with
a cheap central Fe-based rotating cylinder electrode (RCE) as cathode and six concentric Ti|lrO>
plates as anodes. The study of the effect of Ecan and rotational speed (¥) on NOs™ electroreduction
from a synthetic aqueous solution with high conductivity revealed the feasibility of complete nitrate
removal, which only required 100-120 min at Ecah = -1.80 V vs Hg|Hg2SOs|sat. K2SO4 within the ¥ -
range of 100-500 rpm. The concentration decays agreed perfectly with a first-order kinetics. NHz was
accumulated as main product, being partly volatilized due to the quick solution alkalization, whereas
NO2" was not found. Linear sweep voltammetries demonstrated the high electrocatalytic activity of
carbon steel RCE as compared to inactive stainless steel. Koutecky-Levich analysis showed that the
reduction process with carbon steel at Ecan from -1.80 V involved 8 electrons. The participation of H
radical in the reduction mechanism was ascertained by electron paramagnetic resonance. The mass
transport and charge transfer of the RCE reactor were characterized under turbulent flow by means
of the dimensionless Damkdhler (Da) number, as well as from the Sherwood-Reynolds-Schmidt (Sh
ReSqg analysis. A mixed regime with a prevalence of mass transport control was determined at Ecat
from -1.8 V. The Sh= 0.70R&4S3¢ correlation obtained for this reactor may serve to guide the
scale-up of electrochemical NO3z™ removal as more electrocatalytic cathode materials are developed.
Successful NOz™ elimination from solutions with low conductivity that mimicked groundwater is

finally reported.
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1. Introduction

Nitrate removal from surface water and groundwater has attracted increasing attention in recent
years, since its progressive accumulation critically endangers freshwater reservoirs worldwide [1-3].
Recent transnational reports [4] have documented that the main sources for nitrate accumulation in
groundwater are the leaching of the nitrogen-based fertilizers used in intensive agriculture and the
livestock manure spreading on land, whereas surface water is mostly polluted by discharge of
wastewater that contains high concentration of nitrogen species. Biotic and abiotic processes cause
the conversion of these species into nitrate [5], which shows great stability and solubility in water
alongside poor adsorption or precipitation. The removal of this toxic ion from aqueous matrices has
been investigated by several physicochemical processes like adsorption [6], biological denitrification
[7], coagulation [8], chemical reduction [9] and catalytic reduction [10], as well as electrocoagulation
[11,12], bioelectrochemical [13,14] and electroreduction [15,16] methods. The latter approach has
led to sound results, which combines with its operational simplicity, although the mechanism
involved is complex and not fully understood yet. The effect of different parameters on NOs
electroreduction has been studied, including the cathode material [17,18], the electrolyte
concentration [19], the electrolyte composition [20-22], the pH [23] and the cell configuration (i.e.,
single- or double-chamber cell) [24,25].

The NOs  electroreduction is an electrocatalytic process that involves several species with
nitrogen valence number varying from +V to -I11 [26]. Several mechanisms, involving either direct
or indirect pathways, have been proposed for this process depending on the cathode material and the
applied cathode potential (Ecan) [27]. In the direct pathway, which is typical for diluted nitrate
solutions (< 1 M) at near-neutral or alkaline pH, adsorbed NOs ions are reduced by electrons supplied
to the cathode. In the mediated or indirect route, NO3™ reacts with adsorbed atomic hydrogen (or
hydrogen radical) originated as an intermediate of the hydrogen evolution reaction (HER) (1) [28].
The NOgz electroreduction yields the adsorbed NO, from reaction (2), which can be the rate-
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determining step of the process, involving 2 electrons. The subsequent NO,™ electroreduction yields
NHz or N2 (6-electron steps) via reactions (3) and (4), respectively. Worth noting, some authors have

reported lower energetic barriers for the indirect hydrogen radical ("H) mechanism leading to NH3

[28].

2H,O + 2¢” - (2 + 20H (1)
NOs + H:0 + 2¢ - NOy + 20H )
NO» + 5H;0 + 6¢ - NH; + 70H- )
2NO> + 4H,0 + 6e” - N, + 8OH (4)

The distribution of final by-products strongly depends on the selectivity of the cathode material
for the NO3™ conversion, being usually NO2~ and NH4*/NH3 the main nitrogen species accumulated
in the treated solution. However, there are other parameters that can also affect the final speciation of
those products, such as the nitrate and electrolyte concentration [19], the electrolyte composition, the
pH, the temperature, the cell configuration and the residence time [19-25]. It has been reported that
cathodes containing iron minimize the NO," accumulation [17,21,29]. NHs can be easily removed
from the solution due to its high volatility at alkaline pH or, alternatively, it can be recovered as a
value-added product. This introduces a paradigm shift, turning water decontamination into a waste
valorization strategy [30]. High selectivity for conversion into molecular N2 could also be of interest,
since it is non-hazardous and can be accumulated in the atmosphere, but it is not easy to demonstrate
its predominance over other gaseous nitrogen products such as NHs or NxOy. Some density functional
theory (DFT) calculations combined with experimental data reveal that the NH3 generation is more
kinetically favored due to lower energy barriers [28,31,32].

Figures of merit such as faradaic efficiency (FE) and energy consumption (EC) change notably
depending on the reactor design [33,34]. The interplay between the applied Ecan and the system

hydrodynamics determines the operational conditions needed to establish a charge transfer-controlled



regime, mass transport-controlled regime or mixed regimes. The hydrodynamics becomes relevant
when the pollutant removal kinetics is partially or totally controlled by the supply of the electroactive
species to the electrocatalytic surface and hence, increasing the mass transport coefficient at a fixed
Ecatnh leads to a more efficient decontamination with lower energy consumption.

Different electrochemical reactor configurations have been used for NOs™ electroreduction, in
batch or in continuous mode. Planar electrodes have shown unexpectedly high efficiencies at low
current, whereas fluidized beds of inert particles enhance the mass transport and the FE [35].
Membrane flow-through [36] and thin-layer [37] reactors have also been considered. Conversely, the
rotating cylinder electrode (RCE) reactor has been mostly used for mass transport-controlled cathodic
processes like metal recovery in the electroplating sector [38,39,40,41], as well for erosion and
corrosion studies since they allow a turbulent flow at low Reynold’s (R€ numbers from 100 [42].
This reactor enhances the mass transport of the electroactive species toward the cathode at a relatively
low rotational speed [43,44], and its characterization has been made by correlation of dimensionless
numbers that predict the mass transport rates for several electroactive species under a range of
hydrodynamic conditions [45,46]. To our knowledge, only a single paper has addressed the
electrochemical removal of nitrate with this type of reactor, employing an activated copper RCE and
operating under periodic potential reversal to ensure the reactivation of the cathode surface, thus
obtaining a high FE and selectivity for NHs [47]. However, the mass transport has not been
specifically characterized for NO3™ electroreduction in an RCE reactor.

The electrochemical denitrification opens a window of opportunity for NO3z™ elimination from
polluted freshwater resources like groundwater below 50 mg L™, the threshold value established by
the World Health Organization (WHO) [48]. Devices with high removal efficiency, ease of operation
and low overall cost are under investigation [49]. In this context, the development and
characterization of RCE reactors is required because they easily promote the turbulence and hence,

the mass transport, eventually enhancing the efficiency of the denitrification treatment.



This work is focused on the characterization of the mass transport and charge transfer of an RCE
reactor used for the overall NOz  electroreduction from a synthetic aqueous solution with high
conductivity. Stainless steel and carbon steel have been considered as cheap cathode materials to
compare their effectiveness to remove NO3z™ by linear sweep voltammetry (LSV). The effect of Ecatn
and rotational speed (1) on the process performance has been studied. From these results, the RCE
reactor has been characterized under turbulent flow regime by means of the dimensionless Damkohler
(Da) number, as well as from the Sherwood-Reynolds-Schmidt (ShReSq correlation for
NOs removal. Finally, preliminary promising results to remove NO3z under galvanostatic conditions
using solutions with low conductivity, mimicking a groundwater treatment, are reported. The novelty
of the work lies in demonstrating the high electrocatalytic activity of a cheap carbon steel RCE to
remove nitrate from water, also showing the positive effect of mass transport promotion. Moreover,
a thorough characterization of this reactor is provided through the effectiveness factor, being possible

to predict the nitrate removal rate once the charge transfer kinetics is elucidated.

2. Materials and methods

2.1. Reagents

Sodium hydroxide (> 99% purity), potassium nitrate (> 99% purity) and potassium sulfate
(99.5% purity) were purchased from Fermont. Sodium sulfate (99.0% purity), sulfuric acid (analytical
grade, 95-98% purity) and tri-distilled water were provided by Karal. 5,5-Dimethy-1,1-pyrroline N-
oxide (DMPO) used for electron paramagnetic resonance (EPR) analysis, as well as phthalic acid
(99.5% purity) and tris(hydroxymethyl)aminomethane (99.8% purity) as mobile phase reagents for
ion chromatography (IC), were purchased from Sigma-Aldrich. Analytical grade sodium
nitroprusside dihydrate from Merck, phenol (> 99% purity) from Sigma-Aldrich and EDTA (> 99%

purity) from Karal were used for ammonium/ammonia colorimetric determination.



2.2.Electrochemical setup

The RCE reactor consisted of a rotating cylinder cathode surrounded by 6 anode plates, as shown
in Fig. 1. Two rotating cylinders with dimensions of 14.00 cm height x 3.80 cm of diameter, made of
AISI 1018 carbon steel or AISI 316 stainless steel (SS316), were built as working electrodes (WE).
Commercial Ti|lrO2 (DSA-O2, NMT Electrodes) anodes were used as counter electrode (CE). The
total cathode and anode areas were similar (~100 cm?), being the exposed surface limited by polyester
tape. The good stability of the electrolytic system was confirmed by the good reproducibility of data,
which was ensured upon cleaning of the RCE surface before each run. To do this, the cylinder surface
was submerged in 20% H>SO4 for 30 s, rinsed with tri-distilled water and, finally, dried with paper.

The experiments were carried out by electrolyzing 400 mL of solutions containing 10 mM
NaNOsz + 0.50 M NazSOs in tri-distilled water at natural pH 6.5, placed in a jacketed open glass cell
with temperature fixed at 25 °C by recirculating thermostated water. Most trials were made in
potentiostatic mode at constant Ecan, controlled by a double junction saturated mercury-mercurous
sulfate electrode (MSE) (E° = +0.64 V vs SHE) as reference electrode (RE), using a Biologic SP-150
power supply equipped with a Biologic VMP3B-10 booster. Some specific assays in low conductivity
medium were performed under galvanostatic conditions at constant current (I) with the same
instruments. The potentiostatic electrolytic trials were made in a three-electrode cell to study the
effect of Ecan between -1.6 and -2.2 V and that of rotational speed () between 100 and 500 rpm, all
of them with a duration of 120 min. The final pH in these assays was approximately 12.5. The
galvanostatic electrolytic trials were made at current density (j) of -12 mA cm for 120 min in a two-
electrode cell, studying the effect of the Na,SO4 concentration between 0.01 and 0.50 M. Some blank

experiments were performed to assess the extent of ammonia volatilization.

2.3.Analytical andelectrochemical characterization
The solution pH was measured with a HI 3221 pH/ORP/ISE meter from Hannah Instruments.

Nitrate concentration was determined by injecting 20 pL aliquots into a Perkin Elmer ion
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chromatograph coupled to an Adept Cecil CE4710 conductivity detector controlled by Chromera
software. A Shim-Pack IC-Al anion column with dimensions of 100 mm x 4.6 mm (i.d.), at 25 °C,
was used. The mobile phase was a solution composed of 2.4 mM tris(hydroxymethyl)aminomethane
+ 2.6 mM phthalic acid (pH 4), which was eluted at 1.5 mL min, displaying the nitrate peak at 4.6
min. The ammonia concentration was obtained by means of the standard indophenol blue colorimetric
method, which required the measure of the absorbance at 645 nm using a PerkinElmer Lambda 35
UV/Vis spectrophotometer.

LSV was performed with a Biologic SP-150 potentiostat controlled by EC-LAB v11.10 software.
A rotating disk electrode (RDE) made of AISI 1018 steel or SS316 with 4.5 mm diameter was used
as WE. The CE was a graphite bar and the RE was the saturated Hg|Hg>SO4 electrode mentioned
above. The solutions contained up to 10 mM KNOs, with 0.50 M Na>SO4 as supporting electrolyte,
and the voltammograms were recorded starting from the open circuit potential (Eocp = -1.050 V vs
MSE), at a scan rate of 5mV s,

The possible generation of hydrogen radical during the nitrate electrocatalytic reduction was
assessed by EPR using DMPO as the spin-trapping agent. AISI 1018 steel and SS316 plates of 5 cm?
were used as cathode, at Ecah = -1.80 V. A Pt plate with analogous surface area was used as counter
electrode. The in-situ electrogeneration of the adsorbed "H, in the form of DMPO-H adduct, was
carried out in 15-mL solutions in the presence and absence of 10 mM nitrate after addition of 16.90
pL of 10 mM DMPO, using a single-chamber cell (SCC) under continuous magnetic stirring. 2.0 mL
of samples were collected and placed in plastic tubes at 0, 5 and 20 min, immediately frozen by
contact with dry ice and further, thawed and introduced into a quartz tube to be analyzed, always after
the same time period from initial sampling. The EPR spectra were recorded in a Bruker ESP300E
spectrometer at room temperature, fixing the following parameters: resonance frequency of 9.79 GHz,
microwave power of 2 mW, modulation amplitude of 1.0 G, sweep width of 100 G (3450-3550), time

constant of 40.96, sweep time of 83.97, and receiver gain of 2x10%,



2.4.Theory and calculations
The faradaic efficiency (FE) for nitrate electroreduction and the energy consumption per nitrate

gram (EC) were calculated by the following expressions [50]:

& % (5)

%#7 EC (6)

where n is the global number of electrons transferred according to consecutive reactions (2) and (3),
accounting for the complete reduction of nitrate to ammonia (n = 8), F is the Faraday constant (96,485
C mol™), Cy is the initial nitrate concentration (0.010 M) and C: is the nitrate concentration at given
time (in M), V is the solution volume (0.4 L), M is the nitrate molar mass (62 g mol™?) and Qt is the
charge at the same time (in C).

The Koutecky-Levich (K-L) equation (7) and its derived Eq. (8) were applied to analyze the

linear sweep voltammograms recorded with an RDE as WE [50]:

- - - ™

- Z 3 T T T : (8)

where I¢ is the measured current, I is its kinetic term (in the absence of mass transport), I, is the
limiting diffusion current, n is the number of electrons involved in the nitrate electroreduction, A is
the electrode area, D is the diffusion coefficient of nitrate ion, ¥ is the rotational speed, v is the
kinematic viscosity and C” is the nitrate bulk concentration (102 M). The heterogeneous charge
transfer constant (k) can then be obtained from the independent term of the linear regression at
infinite ¥.

The effectiveness factor (d) for the heterogeneous electroreduction process is described by Eq.

(9) [51]:



- = - = (9)

where Ris the reaction rate involving an electroactive species at concentration C, whereas R* is that
of an ideal process considering the bulk concentration C*. In Eq. (9), it is assumed that R is described
as dC/dt =-k:C where k; is the global reaction rate. This means that under steady-state conditions,
the species arriving by mass transport to the electrocatalytic surface disappears according to a
heterogeneous charge transfer rate constant kna [51-53], where a is the volumetric area (here, ratio

between the area A of the RCE and the solution volume V inside the reactor), thereby verifying Egs.

(10)-(12):

NHoET 6 QM6 (10)
) 6° (11)
Y =Y Qo (12)

where Kk is the mass transport coefficient (m s1). The dimensionless Damkohler number (Da), which
relates the charge transfer rate (intrinsic reaction) to the convective mass transport, is then defined by

Eg. (13):

06 — (13)

As a result, the isothermal effectiveness factor A can be expressed in terms of the Damkdhler

dimensionless number Da from Eq. (14) [51-54]:

— (14)

Furthermore, R can be expressed by Eq. (15), leading to Eq. (16), which relates kna, kma and ki.
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Y 6° 6° 0° (15)

o Juum— (16)

3. Results and discussion

3.1. Comparativelectrocatalytic performance of cathode materials for nitrate removal

First, the AISI 1018 steel and SS316 cathodes were electrochemically characterized by LSV to
assess their electrocatalytic activity for NOs™ electroreduction. The voltammograms were recorded in
an SCC, with one of the above materials embedded in a cylindrical PTFE case to become an RDE
employed as WE; a graphite bar and Hg|Hg2SO4|sat. K2SO4 served as CE and RE, respectively,
operating at a scan rate of 5 mV s, The assays were made with 400 mL of solutions containing 0, 2,
5 and 10 mM NOs" under static conditions, followed by trials made with 400 mL of 10 mM NOs
solutions at wvalues from 100 to 3000 rpm, always using 0.50 M Na>SOas as supporting electrolyte.
Under static conditions, Fig. 2a highlights a well-defined wave with half-wave potential (Eiz2) of -
1.58 V vs RE when using the 1018 steel cathode, which can be attributed to the NO3™ reduction. This
was confirmed by the fact that the height of the wave raised proportionally as the NO3™ concentration
in the medium was increased, suggesting that the mechanism involves the reaction (2) as rate-
determining step, followed by faster successive reduction steps. In contrast, only the background
signal can be observed in Fig. 2a using the SS316 cathode, being the current related to the HER
because the same profile was recorded in the absence of NOs . This means that this ion cannot be
efficiently electroreduced on this cathode material, probably because the process is inhibited by the
passivating chromite present on its surface.

Fig. 2b depicts the progressive rise in height of the reduction wave when the rotational speed of
the RDE made with 1018 steel increased from 100 to 3000 rpm, owing to the gradual enhancement

of the NOs~ mass transport towards the diffusion boundary layer adjacent to the electrocatalytic
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surface. However, a clear plateau was not achieved in any case, as also reported for the same reaction
on copper cathode [47]. This behavior can be ascribed to the partial overlapping of the wave of NOz
electroreduction with the slightly more negative background signal of HER (see Fig. 2a), causing a
disturbance that makes it difficult to corroborate that the process under study is only controlled by
mass transport. The data of Fig. 2b were then analyzed at each Eca value to obtain the corresponding
It vs ¥~12 relationships (K-L plot) [55], some of which (i.e., potentials between -1.60 and -1.80 V)
are presented in Fig. 2c. Excellent linear correlations were found in the Eca interval between -1.45
and -1.85 V, with decreasing slopes varying from 10115 to 867 rad*? s> At and R? > 0.983. This
allowed the calculation of the total number of electrons ninvolved in the NO3™ electroreduction. Fig.
2d shows a reverse sigmoidal profile of nvs Ecan, Which is typical of a sluggish reaction. In this case,
the n value increased gradually at higher Ecam, up to a value close to 8 at -1.80 V and beyond. This
can be confirmed from Fig. 2c, where the linear regressions depicted at Ecan = -1.80 V is parallel to
the theoretical trend assuming n = 8. This number of transferred electrons corresponds to the selective
conversion of NOs™ to NHs via the global reaction (17), which is the sum of reactions (2) and (3).
This full reduction of the NOs™ with an oxidation state of (+V) to NHz nitrogen (-111) can be associated
to successive faster rate steps after the two-electron rate-limiting reaction (2) of the adsorbed NO3-

to NO2", occurring on the 1018 steel cathode electrocatalytic surface.
NOs + 6H,O + 8¢ - NH; + 90H (17)

From the above K-L analysis, the ki resulting at given Ecan Values was determined from Eq. (8),
as has been collected in Table 1. For this calculation, the diffusion coefficient of NOz™ (Dno3z) = 1.90
3 10° cm? s1) and the kinematic viscosity of the solution (v = 0.0088 cm? st) were used [35].

Fig. 3a shows the EPR spectra recorded with DMPO acting as the spin trap to detect the adsorbed
"H generated on the electrocatalytic surface of the 1018 steel cathode. The signal intensity increased

with electrolysis time because of the larger production of -H, with a larger accumulation of DMPO-
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"H. In the presence of NO3", a lower signal intensity was found. This means that ‘H may certainly
play an important role in the NOs™ electroreduction, since it is generated in large amounts as an
intermediate of the HER. The high surface mobility of -H favors its reaction with either adsorbed
NOgz or partially reduced nitrogen intermediates, since atomic hydrogen is an efficient reducing
agent. In contrast, DMPO-"H adduct was not detected when the SS316 cathode was used, as deduced
from the overlapping spectrum with that of the blank solution before electrolysis. The EPR spectra
from the trials with 1018 steel show the typical DMPO-"H pattern composed of 9 peaks, and Fig. 3b
reveals an intensity ratio of 1:1:2:1:2:1:2:1:1 with measured hyperfine coupling constant values of an
=16.52 G and an = 22.58 G for the nitrogen and the 2 equivalent hydrogen atom nuclei, respectively,

in agreement with those determined in the literature [56].

3.2. Potentiostatic nitrate removal using BCE reactor

The NOs™ removal was subsequently studied employing a 100 cm? 1018 steel cathode as WE in
an RCE. Fig. 4a depicts the effect of the Ecan, from -1.65 to -2.2 V, applied to the cathode for the
treatment of 400 mL of solutions containing 10 mM KNOs + 0.50 M NaSO4 at 25 °C and w= 300
rpm. As expected, a more negative Ecan accelerated the NOs™ electroreduction and 100% removal
was achieved after 100-120 min of electrolysis from Eca -1.80 V. This is due to the increase of the
applied overpotential, which enhances the charge transfer kinetics for the rate-limiting reaction (2),
achieving the complete NOs" removal at Ecan = -1.80 V with n = 8 (see Fig. 2d), i.e., when all the ion
is selectively converted into N-ammonia. Therefore, these Ecan values were selected as optimal for
subsequent trials. The kinetic analysis of the above concentration decays revealed that they obeyed a
first-order reaction, as expected if the electrode reaction (2) is the rate-determining step. The good
linear plots obtained in this analysis are shown in Fig. 4b and the corresponding ki-values with

excellent fittings (R? > 0.996) are summarized in Table 1. The ki-value grew 4.1 times when Eca
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varied between -1.65 and -2.20 V (i.e.,, 1.9 3 10* st vs 7.7 3 10* s?), suggesting that the
electrocatalytic activity of the cathode was maintained in all the trials.

The concentration of generated N-ammonia was measured during the trials of Fig.4a, and its
normalized accumulation over the initial N-nitrate concentration (10 mM) is given in Fig. 4c. The
accumulated N-ammonia increased at more negative Ecam, attaining similar profiles for the fastest
trials (Ecan from -1.80 V). However, maximum accumulation values of 67-72% at 60 min of
electrolysis were obtained under these conditions, very far from 100% expected for total conversion
of NO3™ into NHs. This apparent discrepancy can be explained by the gradual volatilization of NH3
from the solution at alkaline pH, since the pKa of its acidic form NH4" is 9.26. Note that during the
electrolysis, the solution pH changed from an initial value of 6.5 to a final value of 12.5 as result of
the positive global balance of OH ions generated for each NOz™ molecule removed (reaction (17)).
This means that, after 60 min of treatment, the solution became highly alkaline and NHz loss was
evidenced, thus dropping its accumulation in the medium. This explains the progressive decay of
accumulated N-ammonia in Fig. 4c at Ecan 2 -1.80 V at times longer than 60 min, reaching 55% of
accumulation at 120 min. To confirm the NHs loss during the assays, the total nitrogen (TN), i.e., the
sum of soluble N-nitrate and N-ammonia, of the electrolyzed solutions was calculated. As can be seen
in Fig. 4d, TN underwent a slow and gradual abatement regardless of the applied Ecaw, losing a 37%
at Ecath =-1.60 V and up to 45-47% at Ecan 2 -1.80 V, i.e., when larger amount of N-ammonia was
produced. This decay in TN justifies the progressive volatilization of the final NH3 due to the solution
alkalinization during electrolysis. If needed, this loss might be avoided by regulating the pH around
its initial value of 6.5, although this should be explored in a focused work.

The FE and EC values during the above experiments were calculated from Egs. (5) and (6),
respectively, only considering the change in NO3™ concentration. Fig. 4e highlights that FE dropped
with rising Ecan, reaching decreasing values of 64%, 44%, 31%, 18% and 12% after 120 min of

electrolysis at -1.65, -1.70, -1.80, 1,90 and -2.20 V, respectively. Consequently, the highest FE was
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achieved at Ecan = -1-65 V. The opposite trend followed by EC can be observed in Fig. 4f, with
increasing maximum values of 15.2, 26.5, 65.8, 79.6 and 134.8 Wh g*. This loss of performance is
attributable to the smaller NO3z™ coverage on the cathode surface, which is necessary for further
electroreduction, and can be explained by three main reasons: (i) the progressive loss of NOs
concentration as the electrolysis is prolonged, (ii) the competitive electroreduction of nitrogen by-
products that are fully converted into NHs, also causing a FE decay and EC rise at longer time, and
(iii) the increase in rate of the parasitic HER, taking place in a greater number of active sites,
eventually causing a drop in efficiency at higher Ecath.

Next study aimed at assessing the influence of won the NOs™ electroreduction process. To do
this, 400 mL of solutions with 10 mM KNOs + 0.50 M NaxSOg4 at 25 °C were electrolyzed at Ecatn =
-1.80 V, with wvalues from 100 to 500 rpm using the 1018 steel RCE. Fig. 5a makes in evidence a
greater NOs™ removal as wraised due to the promotion of the diffusion-convection that enhances the
mass transport of the ion toward the cathode. While 98% removal was achieved after 120 min at w=
100 rpm, overall electroreduction was obtained at the same time at w= 300 rpm and even at shorter
time of 100 min at w= 500 rpm. This tendency can also be deduced from the excellent first-order
kinetics followed by the concentration decays, as depicted in Fig. 5b. The ki-value thus determined
progressively grew from 4.53 10“ st at w= 100 rpmto 7.8 3 10 s at w= 500 rpm. These findings
are indicative of the process improvement at higher rotation.

The profiles related to the NHs accumulation upon change of ware shown in Fig. 5¢c. A maximum
accumulation close to 56-57% was always reached, regardless of the applied w. This maximum value
was attained after 40 min at 400 and 500 rpm, and at progressively longer times of 60, 80 and 100
min when w decreased from 300 to 200 and 100 rpm, owing to the worsen diffusion-convection that
led to a slower NOs™ electroreduction, as stated above. Once the maximum NH3 was accumulated, its

volatilization predominated over its accumulation, giving rise to a gradual loss of its concentration
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from 51% at w= 100 rpm to 38% at w= 500 rpm. The occurrence of a quicker NHz concentration
abatement at higher wwas expected in the alkalinized medium, as typically observed for volatiles
retained in agueous media. This behavior can be confirmed from the calculated TN variations
presented in Fig. 5d. While 48% of TN was reduced after 120 min at 100 and 200 rpm, higher and
increasing TN decays of 51%, 56% and 62% were found at 300, 400 and 500 rpm as result of the
gradual greater formation and volatilization of NHz due to the quicker NO3™ electroreduction. These
results agree with those pointed out above in Fig.4d.

A last series of experiments was made with 400 mL of solutions containing 5 mM (NH4)2SO4
(i.e., 10 mM of NHs") + 0.50 M NazSO4 at pH 12.0, using a SS316 cylinder in a RCE reactor with
rotation between 100 and 500 rpm, but without current supply. These non-electrochemical blank trials
were made to confirm the NHz volatilization under the alkaline conditions tested. Fig. 5e reveals quite
similar profiles for the loss of N-ammonia concentration to those shown in Fig. 5c. Thus, after 120
min, Fig. 5e shows that the NHsz concentration was progressively reduced by 41%, 47%, 54%, 69%
and 66% operating at 100, 200, 300, 400 and 500 rpm. These values are slightly higher than those
found for the loss of N-ammonia in Fig. 5¢c because of the higher initial NHs used. Hence, these
findings corroborate the occurrence of a quicker volatilization of NHz at higher w; favored by a more
turbulent flow (8592 ¢ Re ¢ 42959), which impedes an accurate calculation of the yield rate for

converting nitrate to ammonium.

3.3. Mass transport characterizatiaf nitrate removal

The assays described above allowed the determination of the ki-values corresponding to the NOs
electroreduction process from a 10 mM NOz™ + 0.50 M NazSOj4 solution using a 1018 steel RCE. The
data obtained at different Ecan values at w= 300 rpm are collected in Table 1, whereas those found at
Ecath =-1.80 V and different wvalues are summarized in Table 2. These results make in evidence that

the system operates under diffusion-convection conditions, being insignificant the migration of NOs
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ions due the high concentration of supporting electrolyte. On the other hand, the ks-values under the
same conditions were determined from the aforementioned K-L analysis and hence, those
corresponding to different Ecann vValues at w= 300 rpm are listed in Table 1. Based on all these data,
the km-values of the assays were calculated from Eq. (16) considering a volumetric area of a = 0.25
cm™ (i.e., A (100 cm?) /V (400 cm?®)). Table 2 shows the kn-values calculated for trials at different w
values and Ecath = -1.80 V.

Once determined the kn and km parameters for each assay, the dimensionless Damkdhler number
was obtained from Eqg. (9), and the values obtained are given in Tables 1 and 2. This parameter is
very relevant because, from the effectiveness factor / calculated by Eq. (14) that must range between
0 and 1 [52], it informs about the regime that controls the process. So, for high Da values, the
effectiveness factor will tend to 1/Daand hence, to 0, meaning that the process is under mass transport
control regime and ki = kma. In contrast, for small Da values, /# will tend to 1, picturing that the
process is controlled by charge transfer and ki = kna. In intermediate situations, the process will be
under a mixed regime with no predominance of neither mass transport nor charge transfer. In the
present RCE reactor, Fig. 6a and 6b show the change of /4 with the overpotential in absolute value
(|Ecath — Eocel) and with the dimensionless Reynolds (R€ number, respectively. The latter term was

calculated by Eqg. (18) [52]:

YQ — (18)

where u is the peripheral velocity (= pud); in this relationship, wis expressed in rev s, and d is the
RCE diameter.

Fig. 6a shows a uniform decay of / from 0.52 to 0.20 when the absolute value of the cathodic
overpotential was increased from 0.55 to 0.85 V (considering the Ecan data of Fig. 4 at constant w=
300 rpm). Since the NOs™ electroreduction process is limited by the slowest phenomenon, the trend

of Fig. 6a means that the increase of the overpotential in absolute value enhanced the charge transfer
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Kinetics, thus making the system gradually more dependent on the mass transport. Fig. 6b highlights
a rise of the effectiveness factor from 0.20 to 0.35 for Revarying from 8592 to 42959 (see assays of
Fig. 5a at Ecatn = -1.80 V). As the rotation of the RCE is increased, the fluid becomes more turbulent
and the mass transport toward the cylindric electrode is enhanced (i.e., the Nernst diffusion layer
becomes thinner), thus increasing the relevance of the charge transfer rate. Based on the intermediate
values obtained for /4 (i.e., between 0.20 and 0.35) in the selected ranges of Ecan and w it can be
concluded that the system is under mixed control regime [53]. It is worth mentioning that the
effectiveness factor is an indicator of how efficient is the mass transport; i.e., if a very fast charge
transfer process exists, an efficient mass transport will be required to have kha = kma, and therefore,
Da - 1 with #- 0.5. The RCE is suitable to achieve such condition because of the resulting
turbulence; just for comparison, the A values would tend to zero in a parallel plate electrochemical
reactor because the inertia of the fluid does not generate the high turbulence promoted in an RCE.
From the data obtained here, the electrochemical NOs™ reduction on the electrocatalytic 1018 steel
(at Ecath = -1.80 V) occurs under excellent mass transport. NO3™ electroreduction is thus substantially
dependent on the charge transfer kinetics although, under certain experimental conditions, it is
revealed to be shifted toward a larger mass transport control.

Eqg. (16) makes it possible to treat the mass transport coefficient separately, by obtaining an
additional correlation that describes its dependence on the hydrodynamics imposed by the RCE. The
reactor characterization described in previous subsections allowed determining the dimensionless

Sherwood (SH and Schmidt (Sqg values as follows [46]:

o (19)

Y& - (20)
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The Shnumber correlates convective mass transport with pure diffusion, whereas the Scnumber
correlates momentum diffusivity with molecular diffusion. The Shvalues obtained from the trials of

Fig. 5 are collected in Table 2. These parameters accomplish the following correlation [46]:

Q LYQYD (21)

where o is a coefficient related to the reactor dimensions, shape of the electrode and electrolyte
properties, B is associated with the hydrodynamic regime, and y = 0.356 is characteristic of the RCE
reactor configuration [42-43,46]. Fig. 7 shows the good linear In (Sh/SE@3%) vs In Replot obtained
from the assays of Fig. 5, yielding values of o = 0.70 and B = 0.46 for our system, with an
interelectrode gap of 2.1 cm. Rivera et al. [46] reported quite similar values of a =0.89 and § = 0.43
using an interelectrode gap of 2.4 cm to study the Is3"/1- process with an SS304 RCE. In contrast,
Arredondo et al. [39] obtained very different values of o = 0.11 and B = 0.99 using an SS316 RCE
for Ag deposition, suggesting that the values are strongly dependent on the nature of the reduced

electroactive species. Based on these evidences, it is evident that the mass transport correlations must

be experimentally obtained for each particular electrochemical system.

3.4. Preliminary assessment of the RCE reactogfoundwater treatment

A crucial conclusion from results reported in previous sections is that, knowing the ShRe Sc
correlation and the ks values for NOs™ electroreduction on a given cathode, the removal rates of this
ion would be fully predictable for treating actual wastewater with sufficient conductivity that enables
the operation under convection-diffusion conditions. This is feasible, for example, when NOs -
polluted effluents are pre-treated with ion exchange resins, further generating rinsing solutions highly
concentrated with desorbed NOs". In such cases, the electroreduction process in a scaled-up RCE
reactor would be fully controlled. To assess the possibility of treating NOs™ in less conductive media

(e.g., groundwater) than that studied so far, model solutions with lower concentrations of supporting
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electrolyte were prepared. Electrolytic trials were performed in galvanostatic mode because of its
greater simplicity, envisaging a future application.

The effect of the supporting electrolyte concentration (10-500 mM Na;SOs4) over the
electroreduction of 400 mL of 10 mM NOgz solutions was then studied in the same RCE system
described above but applying a current of -1.2 A (j = -12 mA cm) at w= 300 rpm (Re= 25775). At
such j, the potential was -1.8 < Ecath < -1.6 V to favor the nitrate reduction minimizing the HER. Fig.
8a shows that NOs~ was more rapidly removed as the Na>SO4 concentration was risen, i.e., at higher
conductivity that enhances the diffusion-convection regime and mass transport. After 120 min of
electrolysis, 94%, 95% and 97% reduction of NOs~ was achieved at 10, 100 and 500 mM NazSOg,
respectively. The kinetic analysis of Fig 8b corroborates that NO3z™ decay obeyed a first-order kinetics,
yielding rising ki-values of 3.53 102, 4.03 102 and 5.4 3 102 s with excellent fittings (R? > 0.99).
The FE values presented in Fig. 8c highlight a higher efficiency with increasing the supporting
electrolyte concentration, pre-eminently at the beginning of the process when the migration is more
relevant, mitigating this detrimental phenomenon as the supporting electrolyte concentration is risen.
For the most efficient system (0.50 M Na>S0Os) the FE drops from 88% to a final value of 34%, owing
to the loss of NOs™ content and the increase of the parallel reduction of water (i.e., HER) and nitrogen
by-products formed. Also, the migration term becomes less important and at 120 min, the FE value
is 34% regardless of the Na>SO4 concentration. Fig. 8d depicts a high EC decrease from 98.2 to 46.9
and 35.8 Wh g as the Na,SO4 concentration increases from 10 to 100 and 500 mM, mainly due to
the decay of cell voltage from 9.0 to 4.6 and 3.6 V due to the progressive rise of conductivity.

These results are promising and open the door to the application of a 1018 steel cathode in an
RCE reactor for NOs™ electroreduction in groundwater and wastewater with low conductivity.
Nevertheless, strategies to increase the conductivity of the solution to be treated are welcome, since
it favors the mass transport to the cathode surface by diffusion-convection, as the natural NOz

migration toward the anode is detrimental for its efficient abatement.
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4. Conclusions

It has been shown that conductive solutions with 10 mM NOsz* + 0.50 M Na>SO4 can be
efficiently treated using a 1018 steel RCE under potentiostatic conditions, achieving the complete
and selective conversion of NOs™ into NHsz via an 8-electron global reaction that involves "H as
mediator. Conversely, the process is inhibited when an SS316 cathode is used. The NOs™ decay
always obeyed a first-order reaction Kinetics, in agreement with an initial two-electron reduction of
NOz to NO; as the rate-determining step, allowing the determination of the ki-values. Due to the
spontaneous solution alkalinization, NHs is partially released to the atmosphere. FE values near 56%
were obtained at the beginning of the process, whereas the increase of cathodic overpotential and w

accelerated the electroreduction process. From the LSV analysis and bulk electrolysis, the ks and kn

values were determined, respectively. The diffusion-charge transfer of the RCE reactor was
characterized upon calculation of the Daand 4 values, showing that it operates under a mixed regime.
Key dimensionless parameters like Re Shand Schave also been calculated, yielding a useful mass
transport correlation (under turbulent flow, 8592 ¢ Re ¢ 42959) for the scale-up of the process in the
absence of migration. Finally, promising preliminary results have been obtained for the NOs

electroreduction in solutions with low conductivity using the same RCE system, thus paving the way

for future studies with actual wastewater or groundwater.
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Figure captions

Fig. 1. Sketch of the rotating cylinder electrode (RCE) reactor setup. (a) Rotating cylinder cathode
and static planar anode, (b) anodic module consisting of six equidistant anodes fixed to a plastic

holder, (c) zenithal view and (d) isometric view.

Fig. 2. Linear sweep voltammograms of nitrate reduction obtained using 400 mL of nitrate solutions
in 0.50 M Na2SO:s at 25 °C, with a 0.181 cm? AISI 1018 steel or SS316 RDE as WE, recorded from
-1.1to -1.9 V at a scan rate of 5 mV s*. A graphite bar was used as CE and Hg|Hg2SOa[sat. K2SO4
(E°=+0.64 V vs SHE) as RE. (a) Effect of the nitrate concentration under static conditions. (b) Effect
of the RDE rotational speed (1) from 100 to 3000 rpm using a 1018 steel cathode ina 10 mM KNO3
solution, (c) the corresponding Koutecky-Levich (K-L) plots at different Ecan values, and (d) number
total of electrons involved in nitrate electroreduction obtained from the slope of the linear K-L

regressions.

Fig. 3. (a) EPR spectra of the DMPO-H adduct generated during the galvanostatic electrolysis of
solutions of 15 mL containing 10 mM DMPO + 0.050 M Na>SOs using a single-chamber cell with a
5 cm? AISI 1018 steel or SS316 cathode and a 5 cm? Pt foil anode, at Ecat = -1.80 V vs Hg|Hg2SO4|sat.

K2S0O4 for 20 min. (b) Interpretation of a DMPO-H spectrum

Fig. 4.Influence of Ecam, from -1.65 to -2.2 V, on the (a) normalized nitrate concentration decay, (b)
first-order kinetics for nitrate removal, (c) normalized N-ammonia accumulation, (d) normalized TN
content, (e) faradaic efficiency and (f) energy consumption per gram of nitrate ion. These trials
involved the potentiostatic electrolysis of 400 mL solutions of 10 mM KNO3z + 0.50 M NaSO; at 25
°C, using a 100 cm? AISI 1018 steel RCE as WE at w= 300 rpm for 120 min. Commercial Ti|lrO;

anodes of analogous total surface were employed as CE, and Hg|Hg2SOs|sat. K2SO4 as RE.
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Fig. 5. Effect of the w value, from 100 to 500 rpm, of the RCE on the (a) normalized nitrate
concentration decay, (b) resulting first-order kinetics, (c) normalized N-ammonia accumulation and
(d) normalized TN content under the same conditions described in Fig. 4, at Ecan = -1.8 V for 120
min. (e) Influence of won the time course of ammonia concentration during the electrolysis of a 5
MM (NH4)2SO04 + 0.50 M Na>SO4 solution at pH 12.0, using the same RCE reactor but with the SS316

cylinder.

Fig. 6. Representation of the effectiveness factor (d) versus (a) the overpotentials (in absolute value)
studied in the assays of Fig. 4, and (b) the Reynolds dimensionless number corresponding to the

assays of Fig. 5.

Fig. 7. Mass transport correlation for nitrate electroreduction evaluated from the trials of Fig. 5b,

using Eq. (16).

Fig. 8. Effect of the supporting electrolyte concentration on the evolution of (a) the normalized nitrate
concentration decay and (b) the resulting first-order kinetics, (c) faradaic efficiency and (d) energy
consumption per gram of nitrate ion. Galvanostatic trials were made with 400 mL solutions containing

10 mM KNOs + 10, 100 or 500 mM Na2SOg4, using a 1018 steel RCE as the WE at w= 300 rpm and

j =-12 mA cm-2 for 120 min.

30



Fig. 1

31



j (MA cm-2)

-15

0 mM KNO,, 1018
2 mM KNO,, S1018
5 mM KNO,, $1018

——
——
—
——

0 mM KNO,, S5316
—— 10 MM KNO,, SS316

j (mA cm-?)

C 500

-1.7

-16 -15 -14 -13 -1.2
Ecan (V vs Hg|HG,SO,)

-1.1

400

w
o
o

N
o
o

1) (A

[y
o
o

|
0.08

0.07
W1/2 ((rad S-l)-l/Z)

Fig. 2

100 rpm
200 rpm
400 rpm

1500 rpm
2000 rpm
2500 rpm
3000 rpm

-18 -1.7 -16 -15 -14 -13

Ecath (V \& HnggZSO4)

-1.2

-1.1

-1.8

-1.7 -1.6 -1.5
Ecan (V vs HgHG,SO,)

32



Intensity (a.u.)

S1018, 5 min
S1018, 20 min
SS 316, 20 min
1018 steel, 20 min + Nitrate
— Blank | | | |
3460 3480 3500 3520 3540

G (Gauss)

Fig. 3

33



[Nitrate] / [Nitrate] ,

(@]

[N-Ammonia] / [N-Nitrate]

FE

1.0% b 3.0 . . T
). 4
0.8 —*—-165V | ~ 25 _
: —=— 170V [0)
——-180V o B |
= 20
0.6 =
—%— 220V E’ 15k |
0.4 i )
S 10f .
0.2 = ‘
: 1 = osf .
0.0 | 9 % L I I I |
0 30 60 90 120 150 0'0'0 100 20 30 40 50 60 70
Time (min) Time (min)
0.8 .
} 0.2+ ]
0. | | | | 00 | ] | 1
0 30 60 90 120 150 0 30 60 90 120 150
Time (min) Time (min)
1.0 T T T f 150 T T T
0.8| . 120+ .
0.6 4 %5 oo} .
)
2
041 4 O 60f / |
L
0.2r- - 30}- _
0 0 | | | | 0 | | | |
0 30 60 90 120 150 0 30 60 90 120 150
Time (min) Time (min)
Fig. 4

34



[Nitrate] / [Nitrate]

(@]

[N-Ammonia] / [N-Nitrate]

1' T T T T b 30 T T T T
—e— 100 rpm | |
08 [ 200 rpm | % 2.5
—— 300 rpm ©
s 20r _
0.6 —»—500rpm | %
° 1.5+ —
0.4} oy
S 10f .
Z,
0.2~ E 05k |
00 . | | | | | |
0 150 0 0 10 20 30 40 50 60 70
Time (min) Time (min)
0.7 T d 1.0m T T T T
0.6 - _
) 0.8 .
0.5 / 1
L 1l = 06 .
0.4 =
0.3 . E 0.4 _
0.2 _
0.2 -
0.1H _
0 | | | | O 0 | | | |
0 30 60 90 120 150 -0 30 60 90 120 150
Time (min) Time (min)
e 1.0¢
)
5 08 -
I
IS
< 0.6 _
Z
< 0.4 _
c
£
£ 0.2+ _
<
prd
— 0.0 | | | |
0 30 60 90 120 150
Time (min)
Fig. 5

35



0.6

0.5

041

0.3

021

0.1

0.4

0.7 0.8 0.9

|Ecath B EOCPl V)

0.3

0.21

0.1

0.5

1.0

1.5

| | |
20 25 30 3

Re (0%

Fig. 6

|
5 40 45

36



| |
10.0 10.5 11.0

In Re

9.5

4.8

9.0

|
< S
< <

3.6

bse09S /US) Ul

Fig. 7

37



Q
[EnN

[Nitrate] / [Nitrate]

FE

O

0.8 —e—10mMNaSO, 1 ‘@
—=— 100 mM Na,S0, s
0.6} —e—500mMMNa,sSO, - &
0.4} 1 g8
2
0.2} 1<
0.0 : : :
0 30 60 90 120 150
Time (min)
1.0 T d
0.8 .
0.6 n :;
=
2
0.4} 1 O
0
0.2 .
00 | 1 | |
0 30 60 90 120 150
Time (min)
Fig. 8

2.0

15

1.0

0.5

100

80

60

40

20

| |
15 30 45 60
Time (min)

75

| |
30 60 90 120
Time (min)

150

38



Table 1

First-order rate constant (k1) determined from Fig. 4b with RCE at w= 300 rpm, heterogeneous charge

transfer constants (kn) obtained from the Koutecky-Levich analysis with RDE from Fig. 2c, and Da

values determined upon combination of Egs. (13) and (16).

Ecath (V Vs Hg|Hg2S04) ki (10 s%) kn (102 cm s?) Da
-1.60 n.d. 3.1 0.9
-1.65 1.9 3.7 1.1
-1.70 3.9 5.0 1.5
-1.75 n.d. 6.7 2.0
-1.80 6.4 8.1 2.4
-1.85 n.d. 10.8 3.2
-1.90 7.5 12.8 3.8
-2.20 7.7 n.d. n.d.
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Table 2

First-order rate constants (ki) obtained from Fig. 5b at Ecan = -1.80 V, mass transport coefficient (km)

obtained from Eq. (16), and dimensionless Re Shand Da numbers obtained from Eqgs. (18) and (19)

and (9), respectively.

w(rpm) u(cmsh ki (10 s1) km (102%cms?)  Re Sh Da
100 19.9 4.5 2.0 8592 408 4.0
200 39.8 5.9 2.9 17184 576 2.8
300 59.7 6.6 34 25775 676 24
400 79.6 7.3 3.9 34367 785 2.1
500 99.5 7.8 4.3 42959 860 1.9
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